Post-translational modification of proteins by small ubiquitin-like modifier (SUMO) plays essential roles in a large variety of cellular and developmental processes. While SUMO conjugation to target proteins has been reported in numerous studies in animals and human, and partly also in the model plant Arabidopsis, little is known about the specific roles of SUMO in crop plants. Here, we report about the maize SUMO family and show that the highly conserved core isoform SUMO1 predominately locates to the nucleus where it marks euchromatin rather than heterochromatin. Moreover, SUMO1 is especially present in nuclei of small dividing cells. Strong overexpression of SUMO1 caused a severe dwarf phenotype and abnormalities in floral organ structures. Defects in anther development and female gametogenesis occurred similar to null-mutant phenotypes reported in Arabidopsis. Taken together, these studies imply that precise and fine-tuned conjugation of the highly conserved plant SUMO1 isoform to target proteins is required for vegetative and reproductive development. Mis-regulation by overexpression or knock-out is deleterious, strongly affecting fertility in both dicots and monocots, including the crop plant maize.
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Being exposed to constant environmental changes and developmental cues, plants have evolved diverse molecular mechanisms to rapidly sense and respond at various transcriptional, translational and post-translational levels. Posttranslational modifications (PTMs) are now increasingly considered as core components in cell signaling serving as finetuning mechanisms to adjust cellular responses to changes in the environment and during developmental progression. 1 Compared with other PTMs like phosphorylation and ubiquitination occurring predominately in the cytoplasm, SUMOylation targets have been shown to be especially localized to the nucleus being involved especially in DNA repair, chromatin modification and gene regulation. Moreover, it has been further shown that SUMOylation appears to play a key role in abiotic and biotic stress responses, while its role in development and reproduction is less investigated. 2, 3 Most studies have been performed using the model plant Arabidopsis and therefore little is known about SUMO conjugation (SUMOylation) in agricultural crops, especially in the economically important grasses. To contribute to our understanding about SUMOylation in grasses, we report here about SUMOs in maize and extent two recent reports about the enzymatic SUMO system 4 and its targets during embryogenesis 5 in maize. SUMO family modifiers generally contain at least one characteristic β-grasp fold domain that harbors the E1-, E2-, and SIM (SUMO-interacting motif)-interacting residues (Figure 1(a) ). These amino acid residues perform key molecular functions as they determine the efficiency (SUMO-E1 interactions), pattern (SUMO-E2 interactions) and molecular basis (SUMO-SIM interactions) of SUMO conjugation. 6 To visualize the different structural domains, we have aligned all SUMO protein sequences from Arabidopsis (AtSUMO1-8), maize (ZmSUMO1 and ZmSUMO2, the non-functional variant ZmSUMO-v and the diSUMO-like protein ZmDSUL) and human (HsSUMO1-4). Remarkably, AtSUMO1, AtSUMO2 and ZmSUMO1 contain identical amino acid residues at above described positions being involved in noncovalent interactions with E1, E2 and SIM indicating conserved functions and targets. Phylogenetic analysis confirmed this observation showing that the three proteins cluster together (Figure 1(b) ). Notably, ZmSUMO1 was previously reported to use nearly all accessible Lys residues (Lys-9, Lys-10, Lys-21, Lys-23, Lys-41 and Lys-42) to assemble poly-SUMO chains in the E. coli system. 4 Conservation of the noncovalent interaction sites and Lys residues is reduced in other SUMO isoforms and nearly absent in ZmDSUL, suggesting diversification of SUMO-/DSUL-conjugation patterns and confirming the observation that there is almost no overlap between SUMO1 and DSUL targets of maize. 5 Phylogenetic and expression analyses further show that AtSUMO4, AtSUMO6-8 (transcriptionally inactive) and ZmSUMO-v (lacking the diGly motif necessary for conjugation) belong to the so-called non-functional PTMs (Figure 1(b) ).
Functional PTMs are generated by transcriptionally active members of the SUMO family with obvious C-terminal diGly motifs present in AtSUMO1, AtSUMO2 and ZmSUMO1 that form their own clade, which is related to all human SUMOs. These likely represent the highly conserved and predominantly nuclear-localized isoforms in plants and they share largely overlapping substrates and similar subcellular localization patterns. 5, 7 Moreover, SUMOylation by AtSUMO1/2, OsSUMO1/2, ZmSUMO1a/b as well as GmSUMO1/2 are rapidly induced by stress 4, [7] [8] [9] suggesting that these likely represent the core SUMOs in plants that are very likely regulated by similar mechanisms and perform analogous (nuclear) functions. AtSUMO5 forms an own clade together with maize ZmSUMO2 and ZmDSUL. It will now be interesting to elucidate whether ZmSUMO2 fulfills ZmDSUL functions outside female gametophyte and early embryo development, which are the only tissues expressing ZmDSUL, 10 and to which extent AtSUMO5 and ZmSUMO2 as well as ZmDSUL targets overlap.
To characterize maize core SUMO1 in more detail, we performed immunofluorescence microscopy to investigate its subcellular localization in different cell types. Triplestaining of maize root tips was conducted as described previously:
5 a ZmSUMO1-specific antibody (@SUMO1) was used in combination with a microtubule-specific antibody (@β-Tubulin) and the DNA-marker DAPI (4′,6-diamidino-2-phenylindole). Notably, strong ZmSUMO1 signals were detected in all nuclei of fast dividing cells in the root meristem, while a significant decrease in signal intensity was detected in nuclei of outer cell layers and signals were almost lacking in root cap cells (Figure 2(a) ). Remarkably, ZmSUMO1 was not detectable in the quiescent center. Similarly, cross sections of the root maturation zone showed stronger ZmSUMO1 signals at the stele compared to the cortex, which represents a highly differentiated storage tissue (Figure 2(b) ). We thus conclude that core SUMOylation is required in small dividing cells, while differentiated cells show less SUMO conjugation. High resolution imaging of nuclei showed that ZmSUMO1 is almost excluded from heterochromatic domains of the nucleus and appears in many small euchromatic foci (Figure 2(c) ), which might represent active sites of transcription. This confirms our previous work showing that most SUMO1 substrates are involved in chromatin modification and transcriptional regulation. 5 It should be noted that studies in mammals and other species revealed that in many cases SUMOylation is also linked to heterochromatin and gene inactivation. 11 However, ChIP experiments on a small scale in yeast showed that SUMO is associated to promoters of active, but not of repressed genes.
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SUMO1 also localizes to small cytoplasmic granules in interphase cells (Figure 2(d) ). Studies in animals indicates that besides nuclear functions, SUMO also plays extranuclear roles in regulating, for example, channel activity, receptor function, G-protein signaling, enzyme activity, cytoskeletal organization, exocytosis, autophagy and mitochondrial dynamics. 13 The observation of SUMO1 signals in maize cytoplasmic granules suggests that SUMOylation of cytoplasmic and membrane associated proteins may be conserved, though SUMO1 signals were relatively low and often difficult to detect in the cytoplasm. It is thus also possible that SUMO2 and DSUL of maize possess predominant cytoplasmic functions compared with SUMO1 localizing mainly in the nucleus.
To further deepen our understanding about the importance of SUMOylation in maize, we have generated transgenic plants expressing 6His-tag-fused SUMO1 from the ubiquitin promoter, which had been shown previously to be constitutively active in vegetative as well as reproductive tissues of maize. 10 Whereas most 6His-SUMO1 plants were not distinguishable from wildtype (WT) plants grown under standard greenhouse conditions, 8.3% transgenic plants displayed a severe dwarf phenotype (Figure 3(a) ). This phenotype was strongly correlated with 6His-SUMO1 transcript amount (Figure 3(k) ). In contrast to WT and phenotypically normal 6His-SUMO1 plants, silks of dwarf plants (SUMO1-D) never emerged from ear hull leaves (Figure 3(b) ). In addition, male florets were significantly shorter compared to the WT and anthers did not fully protrude from spikelets (a pair of two male florets) due to insufficient filament length (Figure 3  (c) ). The pedicel (stem of the spikelet) of SUMO1-D male flowers was significantly shorter (Figure 3(d) ). Although anthers of SUMO1-D plants exhibited a similar size compared to WT anthers, they failed to develop to maturity and instead became brown and shriveled, and failed to shed pollens for fertilization (Figure 3(e) ). Confocal microscopy of SUMO1-D mature ovules showed severely affected ovule development including smaller nucellus cells and a degenerated female gametophyte (Figure 3  (g-j) ). Quantitative RT-PCR showed that the abnormal phenotypes observed in SUMO1-D plants were strongly associated with the degree of up-regulated SUMO1 transcript level ( Figure  3(k) ). A slight increase in SUMO1 level as observed, for example in SUM1-1 and SUM1-2 plants, did not affect vegetative and reproductive maize development. However, a stronger increase (>4 times compared with SUM1 plants) in SUMO1 transcript probably severely interferes with fine-tuned SUMO1 conjugation and thus significantly affects development and reproduction. Similar effects have been reported for SUMO null-mutants in Arabidopsis. 5 Future studies should now aim to elucidate the individual effect of SUMOylation on the various target proteins localized in the cytoplasm and/or nucleus to understand the deleterious effects of SUMO1 overexpression. Although this is challenging in a crop system like maize, and the effects are likely modified under changing environmental conditions and during stress, interesting target proteins have been identified already in maize and will serve as a valuable start to further our understanding about SUMOylation in grasses and in plants in general.
